Walking is a more sustainable transport mode, and governments around the world are trying to deliver highly walkable areas to their people. Due to its importance, walkability has been a research topic in recent years. Vast empirical studies have reported evidence related to the influence of built environment on walking as a major physical activity. Considering the recent literature, this study developed a framework to quantify walkability by applying a set of indicators related to built environment. The indicators were normalised, weighted and integrated into an overall walkability index. The research was conducted on Chaharbagh Street, which is a major and ancient street in the Isfahan metropolitan area, Iran. The proposed framework would be helpful in investigations of whether a specific area is an appropriate option for a car-free plan based on its built environment features. The outcome of the study could be applied to understand issues related to pedestrian infrastructure and to propose corrective actions.
. In various studies investigating walking behaviour, accessibility, connectivity, convenience, safety, aesthetic features and attractiveness were the main suggested factors affecting walking activities (Hawthorne, 1989; Bauman et al., 1996; Wright et al., 1996; Galanis, 2011; Humpel et al., 2002; Pikora et al., 2003; Giles-Corti et al., 2003; Galanis, Eliou, 2011; Tal, Handy, 2012; Motamed, Bitaraf, 2016) . Ball et al. (2001) and Powell et al. (2003) found a strong relationship between convenience and level of walking. Saelens et al. (2003) believed that choice of transport for leisure, exercise or recreation depends on land use, distance, connectivity and pedestrian infrastructure. In the Asian context, land use diversity, footpath availability and quality, safety, facilities for disabled, and pedestrian amenities all influence walking trips (Efroymson, 2012) . Galanis et al. (2011) measured 30 indicators, including pedestrian infrastructure, road segment, corner and crosswalk indicators in six selected roads in Greece through street audits and claimed that the measured indicators could be applied to evaluate walkability features of the pedestrian infrastructure across urban streets.
Although many attempts have been made to identify built environment indicators affecting walking, only a limited number of studies aggregate various indicators to create a single walkability index (WI) (USDG, 2007; Walkscore, 2019; CAI-Asia, 2011) . Aggregating individual indicators into an index is a practical approach helping to measure various dimensions of built environment that cannot be captured completely by individual indicators alone (Zhou et al., 2007; Saisana, 2011 ). Frank et al. (2010 developed a walkability index for Metro Vancouver comprising residential, commercial density, land use mix and street connectivity indicators. However, a large number of effective indicators specifically related to safety are disregarded in the study. Krambeck et al. (2006) developed a global WI in specific parts of the world considering 45 indicators related to safety, convenience, attractiveness and policy support. The indicators were integrated into a single index, but there are some limitations related to integration. First, the indicators were not measured directly (i.e. to quantify the indicators, pedestrians were asked to scale each indicator using a scale from 1 to 5), which involves
Introduction
Walking, due to its minimal costs, is a more sustainable transport mode (Gallin, 2001) . Despite the importance of walking, the current level of walking in communities is not adequate to provide health benefits, and people need more walking activities to achieve public health objectives (Giles-Corti, Donovan, 2003) . Walking is one of the most popular forms of physical activity among adults (Bahrainy et al., 2015) . Urban planners are interested in walking as a means of reducing vehicle miles travelled and greenhouse gas emissions (Tribby et al., 2016) . Insufficient physical activity is a major risk, causing excess weight and obesity, diabetes and heart diseases (US Department of Health and Human Services, 1996) .
In recent years, urban design and public health have been closely related to walkable localities (Ewing, Handy, 2009) , as the ease of walking in a neighbourhood affects the liveability of urban areas and the physical activity of citizens (Burden et al., 2002) . Walkability is an important concept in the context of transportation engineering, urban planning and health disciplines (Bhadra et al., 2016) . Improving walkability and promoting walking in urban areas leads to wealth, health and urban sustainability (Gallin, 2001; Zayed, 2016) . Consequently, policy interventions have been undertaken in urban design worldwide to promote physical activities and walking (Rebecchi et al., 2019; Sallis et al., 1998) . There are numerous definitions of walkability in the current literature. Walkability can be defined as the suitability of the urban road environment for pedestrians. Walkability is also defined as supports provided by the built environment to encourage walking, including pedestrian comfort and safety, connecting people with various destinations within a reasonable amount of time and effort, and offering visual interest on journeys throughout the network (Southworth, 2005; Galanis, Eliou, 2011) .
According to the public health literature, it is argued that physical environment could influence physical activity behaviours (Leslie et al., 2007) . Thus, considerable efforts have been made to find a correlation between the physical environment of an area and the physical activities of people, with particular focus on walking (Hawthorne, 1989; subjective quantification of the indicators. Secondly, despite the differing importances of the indicators, they received the same weighting during aggregation, which skews the overall index.
Gallin (2001) also defined 11 indicators affecting level of services (LOS) for pedestrians, including physical characteristics, location and user indicators. To quantify the indicators, a score of 0 to 4 was given to the selected path based on its characteristics. The score for each indicator was then multiplied by the relative weight assigned to each indicator based on stakeholders' opinions, on a scale of 1 to 5. The individual weighted score for each indicator was summed to obtain a total weighted score for the path segment. As in the previous study, indicator quantification was subjective in this research and cannot provide the true condition of the study area. Moreover, the sensitivity of priorities was not analysed.
Despite promising results, there are some challenges associated with previous studies. Many of the studies focused on self-reported perceptions of built environment factors rather than direct measurements (Humpel et al., 2002; Pikora et al., 2003) . Moreover, the relative importance of built environment factors on walking behaviour has not been determined (Pikora et al., 2003) . For example, San Francisco Department of Public Health (2009) developed the Pedestrian Environmental Quality Index (PEQI) to assess pedestrian safety considering a range of built environmental features including number of lanes, sidewalk width, sidewalk surface, trees, and public seating. Although using analyst-collected data provides a real understanding of street features, the indicators are not differentiated based on importance. Therefore, there is a clear need to refine measures applied for assessing the potential of a built environment for walking.
Considering the limitation of developing WI using actual measurement of built environment features, and to help in achieving public health goals related to physical activity, this research aims to develop a WI for a street in Isfahan, Iran. To achieve this aim, the built environment features were measured directly in the study area, weighted by a recognised weighting method, and aggregated into a single index.
Material and methods

Study area
Isfahan city, with an area of 267.6 km 2 , is located at 32º39ʹ8.86ʺ Northern latitude and 51º40ʹ28.63ʺ Eastern longitude. With a population of 1,602,110, it is the third most populous city in Iran. Isfahan citizens experience a desert climate with an average annual temperature of 16.7ºC and 125 mm annual rainfall. According to census data, inter-city traffic accidents caused 399 deaths and 15,343 injuries in 2017, putting Isfahan in third place in Iran in terms of traffic accident frequency (National Census, 2017).
Chaharbagh Abbasi Street (Chaharbagh, for short) is one of the main historical, cultural, commercial and entertainment centres in the Isfahan metropolitan area, Iran. This historical street hosts a large number of offices, business centres and hotels and is regarded as Isfahan's central district. The neighbourhood suburbs of Chaharbagh are home to 22,900 persons making 22,130 daily trips in the surrounding areas (Saghayi & Sadeghi, 2013) . Moreover, connecting people to the neighbourhood hospital and medical centres, historical buildings and Zayanderoud bayside, a large number of cars are attracted to the street. Table 1 summarises some basic characteristics of Chaharbagh Street.
Chaharbagh is a part of Isfahan's identity, and attracts pedestrians for walking, due to its particular spatial features. "Car-free Tuesday" is a local arrangement currently operating in Chaharbagh Street to motivate walking habits among Isfahan citizens. It aims to reduce traffic, fuel consumption, noise and air pollutants through specific urban design and planning for promoting active transport. Therefore, better urban design to improve walkability along the street is urgently needed.
By quantifying built environment features and identifying WI, this research investigation tries to evaluate the street's suitability for the "car-free" plan. The results of the investigation would help the local government to improve the walking experience in Chaharbagh Street. Moreover, it also would be beneficial for successful expansion of the plan to other parts of the metropolitan area, and would conse- To be able to normalise the indicators in the following steps, Chaharbagh Street was divided into five segments ( Fig. 1) :
Kazeroni, Sheikh Bahayi, Amadegah, Seyed Alikhan, Enghelab.
The segments have the same length, and each section provides specific services to citizens. Figure 2 provides a representative view of Chaharbagh's atmosphere.
Methods
The development of the WI in this investigation is described in several steps, namely:
Selecting built environment indicators that affect walking activities, Quantifying selected indicators, Normalising the indicators, Weighting the indicators, Indicator aggregation and index composition
Indicator selection
The selection of indicators is the first step in developing indices such as WI. Indicators are quantitative variables that are useful for demonstrating a complex phenomenon (EEA, 2005) . It is challenging to select a set of indicators that provides a comprehensive overview of the considered topic (Castillo, Pitfield, 2010) . In this investigation, indicators were selected based on various selection criteria including relevancy, measurability, simplicity and data availability. Each indicator must be closely related to the definition of walkability, quantifiable and understandable by users, and the required data must be available easily and at a reasonable cost (Li et al., 2009; Dur et al., 2010; Zito, Salvo, 2011; Haghshenas, Vaziri, 2012) . Reviewing the literature listing walking-related indicators (Hawthorne, 1989; Jacobs, 1993; Atash, 1994; Bauman et al., 1996; Wright et al., 1996; Gallin, 2001; Burden et al., 2002; Pikora et al., 2003; Motamed, Bitaraf, 2016) and by considering the selection criteria, 13 indicators were selected in three categories, namely: safety, quality and attractiveness (Table 2) . Safety indicators are considered in response to the need to provide a liveable and safe environment for people. Quality indicators are related to the physical and structural characteristics of the street. Attractiveness indicators influence people's desire to access the place on foot.
Indicator quantification
The authors visited the street several times to measure the 13 selected indicators in the selected segments (i.e. counting the numbers or measuring the selected indicators) ( Table 2 ).
Indicator normalisation
As the selected indicators were measured in different units, they cannot be aggregated. Therefore, it is necessary to convert the indicators to dimensionless numbers before aggregation. This process is called normalisation (Nardo et al., 2005) . The selected indicators in this study contain both positive and negative values. Increasing values of positive and negative indicators have positive and negative effects on walkability, respectively. In other words, by increasing positive indicators, WI increases as well. Meanwhile, by increasing negative indicators, WI would decrease (e.g. number of lights is a positive indicator improving walkability, while obstructions are negative indicators reducing walkability). The normalisation equation differs for positive and negative indicators. Equation 1 shows the normalisation process for positive and negative indicators (Krajnc, Glavic, 2005) .
where: I N , normalised indicator I; "+", for positive indicator; "−", for negative indicator; min, minimum value of indicator considering 4 segments; max, maximum value of indicator considering 4 segments.
Indicator weighting
Weight of indicator shows the relative importance and influence that each considered indicator has on walkability. As the weights given to various indicators influence the outcome of the created indices, a transparent method is needed for weighting (Freudenberg, 2003; Juwana, 2012) . Analytical Hierarchy Process (AHP) was applied for weighting indicators in this study. AHP is a multi-criterion decision-making method, helping decision-makers by decomposing a complex problem into a hierarchical structure of aim and related criteria and sub-criteria. To find indicator weights, AHP performs pairwise comparisons among indicators in each level of the hierarchy. Pairwise comparisons are made between pairs of indicators, showing the importance of one indicator compared to the other. The importance is quantified based on experts' judgments on a scale of 1 to 9, where 1 indicates equal importance of paired indicators, while 9 indicates that one indicator is nine times more important than the other (Saaty, 1990; Albayrak, Erensal, 2004; Sharna et al., 2008; Gorener, 2012) . Considering pairwise comparisons, the relative weight of each indicator is calculated. Priorities are not assigned arbitrarily in AHP but are derived based on experts' judgments and preferences. Therefore, the priorities have mathematical validity (Mu, Pereyra-Rojas, 2016) . One of the main aspects of pairwise comparisons which should be considered during AHP is consistency of judgments. Consistency ratio (CR), which demonstrates the coherence of judgments, should be 0.1 at max- imum. In other words, CR of 0.10 or less would be acceptable (Borajee, Yakchali, 2011; Aragonés-Beltrán et al., 2014) . The weighting procedure using AHP is described in detail in Appendix 1.
Indicator aggregation and index composition
The indicators were aggregated using the weighted linear combination (WLC) method (Mahini, Gholamalifard, 2006 ) (Eq. 2). WLC is a form of index overlay technique, considering the normalised value and relative weights of indicators in aggregation (Al-shabeeb, 2015) . al weighted scores for each indicator were summed to obtain a sub-index for each category and then the weighted sub-indices for each category were summed to get the final value of WI for the selected street segments (Table 3) . The developed indices are applicable for evaluating the current situation of built environment features in Chaharbagh and their capability to promote walking. Segment 3 was ranked top in safety and attractiveness. Segment 1 was ranked top in safety. Considering overall WI, Segments 1 and 4 were ranked as the most and least walkable segments, respectively.
The priorities assigned to each segment are mainly influenced by the weights given to the evaluated indicators. Therefore, it would be beneficial to perform a "what-if " analysis to see how the final priorities would change if the indicator weights were different. This process is called sensitivity analysis (Mu, Pereyra-Rojas, 2016) . A sensitivity analysis was conducted to test the accuracy and robustness of multi-criterion decisions through variation of indicators. In other words, it can be applied for model validation. Indicators' values and weights could be evaluated in sensitivity analysis. However, due to their subjectivity, indicator weights are more important than values in sensitivity analysis. If the ranking of the alternatives remains unchanged after sensitivity analysis, it could be concluded that the results of the multi-criterion decision analysis are sufficiently accurate and robust. Otherwise, the indicator weights should be redefined (Goh, Noborio, 2015; Rikalovic et al., 2015) .
To test the sensitivity of the AHP model developed in this study, the indicator weights were varied by ±20%. The results showed that the priorities of segments were not changed as a result of a 20% change in the weight of indicators (Fig. 8 ).
Highlights
The contribution of the current study to the field could be summarised as follows:
• A framework to quantify walkability using a set of indicators was developed. • Thirteen physical environment indicators were integrated into a single walkability index.
where: WI = Walkability index W i = Weight of indicator i in category j X i = Normalised value of indicator i in category j
The normalised value of each indicator in each category was multiplied by the relative weights of the indicators extracted using AHP in the previous stage. The weighted values of indicators in each category were then integrated into a sub-index. In the final stage, the weight of each category was multiplied by the sub-index value and aggregated into the single WI (Gallin, 2011).
Results
Pairwise comparisons and weight assignment based on the AHP method were conducted using Expert Choice software. The problem (walkability index development) was decomposed into a hierarchical structure comprising goal, categories and indicators (Fig. 3) . In each level, the indicators were compared pairwise according to their level of influence, using the judgments of local experts in urban planning and design, transport planning and public health. The calculated weights of categories and indicators are illustrated in Figs 4-7. As the CR was 0.02, the judgments were considered consistent and could be applied for weight calculation.
The normalised value for each indicator was then multiplied by its relative weight. The individu- • The framework could be applied for corrective actions in urban design.
Discussion and Conclusions
This investigation quantified 13 built environment indicators under three categories (safety, quality, attractiveness) affecting walkability in Chaharbagh Street. A walkability index was defined and developed by assigning weights to the indicators by their importance, and integrating them into a single WI. It provides a quantitative benchmark to explore walkability potential provided by the street, as well as determining factors contributing to the resultant WI. The effect of built environment intervention on walkability of an area is widely accepted (Frank et al., 2006; Christian et al., 2011; Boulange et al., 2017) . While other studies applied public inputs for qualifying built environment features, in this study built environment features and their effects on walkability were investigated and quantified based on field measurements. Therefore, the results of the study could be a starting point for developing evidence-based urban planning strategies to promote walking. The transparent and understandable approach to indicator selection, quantification, weighting and index development could also help decision-makers in finding characteristics of the built environment that need improvement to reach high walkability levels. Moreover, with reduced funds for motorised transport, finding areas with the potential to offset automobile use, and to reduce traffic congestion and air pollutants, is rewarding.
Despite introducing car-free Tuesday to promote walking, no built environment interventions are conducted to encourage walking in Chaharbagh. Therefore, to promote walking, the right mix of interventions is needed for the study area. The developed indicators and the overall WI in this study are well suited to evaluating the Chaharbagh pedestrian system and determining improvements needed for the street. According to the results, the existing support facilities, crossing availability, facilities for the disabled, public toilets and public transport stations are insufficient to encourage walking, and improvements are needed in these aspects. On the other hand, the whole street provides outstanding mixed use, which attracts a large number of people to Chaharbagh Street. With sub-indices and overall WI below 0.5 in all segments, it could be concluded that Chaharbagh Street design could not be supportive for a car-free plan in its current form and more facilities are needed to encourage walking. In other words, safety, design and attractiveness are not at a level to encourage walking as a means to reduce the environmental impacts of other modes of transport.
Despite the applicability of the obtained results for urban planning, some challenges are associated with the investigation, including:
1. Selection of walkability indicators: Selecting a set of indicators which provides a comprehensive overview of the considered system is challenging (Castillo, Pitfield, 2010) . While selecting a small number of indicators is convenient, it may overlook important impacts. On the other hand, a large number of indicators is comprehensive, but collection and analysis costs may be prohibitive. Relevancy, measurability, simplicity and data availability were considered important selection criteria in this investigation. 2. Weighting: Assigned weights using pairwise comparisons could be highly subjective, as they are subject to experts' judgments. However, the acceptable consistency ratio and robustness of assigned weights confirmed that a high level of agreement among respondents was achieved in this study and the results are valid.
Single index development: Despite
wide-ranging benefits of composite indices, there are ideas both for and against indices. There are some ideas against composite indices due to the subjectivity in their creation (Cherchye et al., 2004) . Moreover, it is believed that no single index can answer all questions and there is a need for multiple indicators (Jollands, 2003) . On the other hand, some researchers considered composite indices to be valuable communication tools because they limit the amount of presented information and allow for quick and easy comparisons (Freudenberg, 2003) . These two ideas are two sides of the coin and it can be concluded that indicator aggregation is successful if clear assumptions and methodology are used and if the index can be disaggregated to its components (Jollands, 2003) . Overall, considering the usefulness of applying a walkability index for urban design and planning, it is recommended to identify WI for other parts of Isfahan Metropolitan or even Iran. It would be beneficial for the local governments in designing more liveable cities and promoting public health.
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